Since the discovery of viroids (1) , the smallest known agents of infectious disease, many of their properties have been elucidated, such as their molecular structures (2, 3) , aspects of their replication mechanisms (4) (5) (6) , and possible evolutionary relationships among themselves and with viroid-like satellite RNAs (7) . One of the most enigmatic problems remaining concerns the evolution of viroids from other RNAs and the source of viroids causing diseases of crop plants (for a review, see ref. 8) . In contrast to certain virus diseases of cultivated plants, which are known to have existed centuries ago, the diseases now known to be viroid-incited have come to the attention of farmers and plant pathologists only during the 20th century (9) . It appears likely that some changes in agricultural practices, such as large-scale monoculture of genetically identical crop plants, have favored their appearance, which has caused economical problems in the recent past. But where did the causative viroids come from?
Conceivably, viroids could have originated de novo in the cultivated plant species themselves, for example, by mutation of normal cellular RNAs, but in view of the fact that genomic DNA of viroid host plants does not contain discernible viroidrelated sequences (10) (11) (12) , a de novo origin from host genetic material appears ruled out. More plausibly, viroid reservoirs exist in wild plants, and viroid diseases of crops originate by chance transfer of viroids from wild, possibly symptomless, carrier species to cultivated plant species. Indeed, the experimental host ranges of several viroids include numerous wild species (9) , and many of these tolerate viroid replication without the appearance of recognizable symptoms.
Circumstantial evidence indicates that one viroid, the tomato planta macho viroid (TPMVd) (13) , has entered tomato plants, possibly by a demonstrated aphid vector (14) , from endemically infected, native solanaceous plant species (15) .
The origin of the potato spindle tuber viroid (PSTVd), however, which causes the oldest known viroid disease, potato spindle tuber (16) , has been a mystery; the viroid has not been found in wild plants, including plants collected from areas where the disease had first been reported (the northeastern United States) (9) . It is conceivable, however, that PSTVd has entered potato cultivars from endemically infected wild plants imported from other geographical locations as germplasm for genetic breeding. Transmission could have occurred by mechanical contact with breeding stock or, because PSTVd is vertically transmissible in some hosts (17) (18) (19) , through the (true) seed or pollen from infected wild plants. PSTVd variants have indeed been identified in several major germplasm collections, but the source of these viroids cannot be traced back to wild solanaceous plants (20) (21) (22) (23) . The cultivated potato (Solanum tuberosum L.) originated in the Andes of South America (24) , but a search for the presence of PSTVd (or of similar viroids) in more than 5000 specimens of Andean solanaceous plants, including some known to have been used in potato breeding, remained fruitless (22) .
Solanaceous plants native to Mexico have also been used in potato breeding (24) . Although PSTVd is not known to occur in cultivated potato in Mexico (25, 26) , one of us (J.G.-A.) considered it possible that the viroid might nevertheless occur in native solanaceous plants (27 ttTo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Mexican state of Aguascalientes were collected and assayed for viroid infection in the greenhouse by mechanical inoculation of small tomato (Lycopersicon esculentum, cv. Rutgers) plants. Tomato plants developing symptoms were processed as described below.
Extraction and Isolation of MPVd. MPVd variants were propagated in Rutgers tomato plants mechanically inoculated with leaf or tuber extracts from papita plants. Tomato leaves showing symptoms characteristic of viroid infection were harvested 4-5 weeks after inoculation, RNAs were extracted, and the viroids were purified following a combination of modified, previously described procedures (28, 29) . Briefly, leaves frozen in liquid nitrogen were ground to a fine powder with a mortar and pestle and homogenized in TES extraction buffer (0.1 M Tris-HCl/0.01 M EDTA/0.1 M NaCl/1% SDS/5 mM DTT/10 mM diethyldithiocarbamate, pH 8.9) and 10 ml/3.5 g of tissue. The resulting slurry was clarified with an equal volume of phenol/chloroform (1:1, vol/vol), and the aqueous phase was reextracted with an equal volume of phenol/chloroform. Total nucleic acids were recovered by ethanol precipitation at -20°C and resuspension in H20. Polysaccharides were removed by ethylene glycol monomethyl ether extraction (29) . Nucleic acids recovered by ethanol precipitation were treated with DNAse I. To remove high molecular weight RNAs, the preparations were subjected to CF-11 cellulose chromatography at room temperature. Viroids and other low molecular weight RNAs were adsorbed to CF-11 cellulose (Whatman) in STE buffer (1 M Tris HCl, pH 7.8/0.1 M EDTA/0.1 M NaCl) plus 35% ethanol and eluted in the same buffer without ethanol. Eluted RNAs were recovered by ethanol precipitation and resuspension in H20.
Preparation of MPVd cDNAs. cDNA synthesis was carried out using either random hexamer primers or PSTVd-specific primers, namely cPSTVd (5'-CCCTGAAGAAGCGCTC-CTCCGAG-3') (30) and cd-1 (5'-GGCGCGAGGAAGGA-CACCCGAAGAAA-3'). PCR assays were carried out using the following sets of PSTVd-specific primers: cPSTVd and hPSTVd (5'-ATCCCCGGGGAAACCTGGAGCGAAC-3') (30); RAO-2 (5'-GCGGATCCGGTGGAAACAACT-GAAGC-3') and RAO-33 (5'-GCCGGTACCAGTTCGCTC-CAGGTTTCCCC-3'); RAO-14 (5'-AGGGATCCCCGGGG-AAAACC-3') and RAO-34 (5'-GCCGGTACCAAGGGCT-AAACACCCTCGCC-C-3') (courtesy of R. A. Owens, Agricultural Research Service, U.S. Department of Agriculture, Beltsville, MD); and cd-1 and cd-2 (5'-AAAGAAGGCG-GCTCGGAGGAGCGCTT-3'). These primers were chosen because the primer pair cPSTVd/hPSTVd results in full-length DNA copies of PSTVd, whereas primer pairs RAO-2/RAO-33 and RAO-14/RAO-34 result in the left and right halves of PSTVd, respectively. Primer pair cd-1/cd-2 was used to obtain the regions containing binding sites for the previous primer pairs. Thirty PCR cycles were carried out using a thermocycler (PerkinElmer/Cetus) with denaturation for 1 min at 94°C, annealing for 1 min at 55, 62, or 72°C (depending on the primers used), and extension at 72°C for 1 min (8 min at the final stage). Samples were stored at 4°C before analysis by electrophoresis.
Cloning and Sequencing of MPVd PCR Products. PCR products of the expected size were gel-purified by either the "crush soak" method (31) or Prep-A-Gene (Bio-Rad). Gelpurified RAO-14/RAO-33 PCR products digested with BamHI and KpnI were cloned into pUC 129 (32) . Gel-purified, full-length PCR products were end-filled and phosphorylated as described (33) and blunt-end ligated with the EcoRV-cut pUC 129.
PCR products cloned into pUC 129 were sequenced using Sequenase DNA Sequencing Kit (version 2.0, United States Biochemical) as recommended by the manufacturer. The other PCR products were directly sequenced using the finol DNA Sequencing System (Promega) as recommended by the manufacturer. Both kits employ the standard dideoxy termination methods using primers previously used in PCR.
Sequence Alignment and Phylogenetic Analysis. MPVd sequences were aligned by CLUSTAL, version 5, using DNAstar's (Madison, WI) LASERGENE software. The resulting alignments were visually inspected to logically place gaps and manually adjusted to maximize sequence similarity. Phylogenetic analysis was carried out using the computer program PAUP, version 3.1 (34) . Uninformative characters were excluded from the analyses. To search for the tree with minimal branch length, the Branch and Bound Method was used with the hop stunt viroid (35) Proc. Natl. Acad. Sci. USA 93 (1996) Agricultural Sciences: Martinez-Soriano et al.
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tomato plants (Fig. 1) revealed the presence, in all six extracts (OG1 to OG6, lanes 5-10, respectively), of a band with the mobility of PSTVd (lanes 1 and 2) or TPMVd (lane 4), whereas extracts from uninoculated plants lacked a band in this position (lane 3). Viroids purified by polyacrylamide gel electrophoresis were subjected to reverse transcription PCR and the products sequenced directly or after cloning. Eight variant MPVd sequences differ by from one to five deletions or exchanges (Fig. 2) straddles the borderline (90% identity) between viroid variants and distinct viroid species. But, MPVd can readily be distinguished from TPMVd on the basis of biological properties (Table 1) ; hence, we consider it as a distinct species. Our discovery of wild, viroid-infected (but symptomless) S. cardiophyllum plants growing in rural Mexico, our identification of MPVd as a novel viroid belonging to the PSTVd viroid group, and its close phylogenetic relationship with TPMVd and PSTVd suggest that MPVd represents an ancestral form of extant PSTVd-group viroids that are inciting crop diseases, such as potato spindle tuber, tomato planta macho, and possibly others.
The opposite alternative, that the papita plants might have become viroid-infected by chance transfer of either PSTVd from potato or TPMVd from cultivated tomato plants, can be ruled out for three reasons. (i) In Mexico, most commercial potatoes are grown under irrigation, not in rural or undeveloped areas (38) . Ojuelos, particularly, is unsuitable for the cultivation of potatoes because of its heavy soil (38) . Also, as stated, PSTVd has not been identified in commercial potatoes in Mexico (25, 26) . (ii) Because of cold winters and lack of rain during summer, Ojuelos is unsuitable for tomato production (38) (15, 39) . Although field observations suggest that tomato plants became infected by spread from wild solanaceous plants (39) , the opposite movement cannot be ruled out unequivocally.
How and when PSTVd invaded commercial potatoes can only be speculated upon, but, plausibly, PSTVd or a PSTVd progenitor, such as MPVd, may have entered a germplasm collection by chance transfer from imported, viroid-infected solanaceous plants. Conceivably, this has occurred as a byproduct of extensive collections made in Mexico late in the 19th century in efforts to find resistance genes against the late blight fungus (Phytophthora infestans) (24) , the biological cause of the disastrous Irish potato famine.
Once the viroid had invaded a potato germplasm collection, its eventual worldwide spread is easily understandable in view of the extensive international exchange of potato breeding stocks and centralization of seed potato production that are typical facets of modern agriculture.
TPMVd, in contrast to PSTVd, is not vertically transmitted in tomato (40) . This difference, the sexual propagation mode of tomato production, and the geographical separation of commercial potato and tomato production may explain why, in contrast to potato, viroids have not become a problem so far in U.S. tomato production. Even in Mexico, where viroid inoculum was close at hand in wild solanaceous plants, largescale infection of tomatoes was not observed until the early 1970s (40) .
If MPVd is, indeed, ancestral to viroids now infecting cultivated plants, significant sequence changes must have occurred within an exceedingly short evolutionary time frame. Circumstantial evidence suggests that viroids are replicated by normally double-stranded DNA-dependent host RNA polymerase II (5). The mutation (error) rates of RNA polymerases are much higher than those of DNA polymerases (10-3 to 10-4 vs. 10-8 to 10-11 per incorporated nucleotide, respectively), mostly because the former lack proofreading and repair mechanisms (41, 42) . It is likely that, with an "unnatural" viroid Proc. Natl. Acad. Sci. USA 93 (1996) Agricultural Sciences: Martinez-Soriano et al.
template (imperfectly base paired single-stranded RNA instead of double-stranded DNA), RNA polymerase II's error rate is larger still.
As a consequence, progeny in each infected plant represents, in Eigen's terminology, a "quasispecies" (43) consisting of a large number of sequence variants, the distribution of which is centered around one or several master sequences (the "wild type" sequence or sequences) (44) , representing the fittest variant(s).
Undoubtedly, the sequence variants obtained from viroidinfected papita plants have been selected as the fittest ones within the particular genetic milieu of each infected, sexually propagated plant, which, once synthesized, will be able to "outgrow" all others. This hypothesis implies that viroid sequences are extremely adaptable, i.e., capable of responding rapidly to selective pressures by sequence changes. Recent evidence, obtained in site-directed mutation experiments, indicates that this is indeed the case; some such mutants revert to wild type as rapidly as 2 weeks after inoculation (45) (46) (47) .
Our detection of endemically viroid-infected, but symptomless, wild plants and their sequence similarities to TPMVd and PSTVd represent the first plausible clues (to our knowledge) as to the initial source of viroids now causing crop diseases in countries other than Mexico. Our results demonstrate the potentially devastating agricultural consequences associated with the international movement of plants. Our hypothesis implies that in efforts to overcome one serious problem, potato late blight, another serious problem, potato spindle tuber, was created by the unwitting importation of an RNA which, although harmlessly replicating in wild solanaceous plants, has become a serious pathogen in commercial potatoes.
